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•  We  successfully  engineered  the 
dopant  energy  states  towards  high 
carriers  mobility. 

•  The  split  of  the  isolated  band  via  N 
-  S  codoping  favors  to  decrease  the 
hole  effective  mass. 

•  The  hole  transport  resistivity  is 
decreased  from  6.8  x  104  to 
1.3  x  104  Q  m. 

•  The  internal  quantum  efficiency  in¬ 
creases  from  5%  to  20%  at  450 
-550  nm. 
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Increasing  the  quantum  conversion  efficiency  in  visible-light  region  is  a  key  issue  for  the  efficient  usage 
of  solar  energy  in  the  process  of  photoelectrochemical  (PEC)  water  splitting.  Here,  based  on  the  N  anion 
and  S  cation  codoped  TiCb  thin  film  photoanodes,  we  find  experimentally  and  theoretically  that  the 
transport  ability  of  visible-light-induced  carriers  can  be  notably  enhanced  by  engineering  the  dopant 
electronic  energy  states.  The  hole  transport  resistivity  is  decreased  from  6.8  x  104  to  1.3  x  104  Q  m  via 
delocalizing  the  introduced  bands,  leading  to  an  evident  increase  of  the  internal  quantum  efficiency  from 
5%  to  20%  at  the  visible-light  region  of  450-550  nm.  Further  DFT  calculations  exhibit  that  the  split  of  the 
isolated  band  is  induced  by  a  strong  N  and  S  hybridization,  which  favors  to  decrease  the  hole  effective 
mass  and  to  improve  the  hole  mobility  by  three  times.  The  photocurrent  of  N  -  S  codoped  TiC>2  thin  film 
is  thus  twice  that  of  monodoping  cases,  the  best  value  for  doping  modified  TiC^  thin  film  photoanodes. 
This  work  may  provide  not  only  a  design  principle  but  also  a  candidate  for  tailoring  and  optimizing  TiC>2 
towards  high  PEC  activity. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Converting  and  storing  solar  energy  in  the  form  of  hydrogen  via 
photoelectrochemical  (PEC)  cells  is  one  of  the  most  promising  ways 
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for  the  production  of  clean  and  sustainable  energy  [1-6].  To  realize 
the  efficient  conversion  of  solar  light  of  PEC  cells  in  practical 
application,  semiconductors  with  high  solar  energy  conversion 
efficiency  and  short  energy  payback  time  is  highly  required.  Tita¬ 
nium  dioxide  (TiCb)  is  one  of  the  most  potential  photoanodes  for 
hydrogen  generation,  due  to  its  earth  abundance,  high  chemical 
stability,  and  strong  catalytic  activity  [7,8].  However,  the  large  band 
gap  (3.0 -3.2  eV)  of  Ti02  makes  its  relatively  high  reactivity  only 
under  ultraviolet  (UV)  light  [9-14].  Great  efforts  have  been  paid  to 
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extend  the  absorption  of  Ti02  to  cover  the  visible  light  region  by 
doping/codoping  with  metal  and/or  nonmetal  (NM)  ions  [15-23]. 
Unfortunately,  the  overall  efficiency  of  solar-to-chemical  energy  for 
these  materials  is  still  quite  low  (around  1%),  due  to  the  poor  uti¬ 
lization  efficiency  of  visible-light-induced  carriers  via  the  modified 
band  structure. 

It  is  known  that  element  doping  in  semiconductor  could  intro¬ 
duce  dopant  energy  states  within  the  band  gap  [7].  Recently,  many 
researches  have  been  performed  to  investigate  the  critical  charac¬ 
ters  in  introduced  dopant  energy  states  for  visible  light  response 
and  a  series  of  models  have  been  proposed  for  the  construction  of 
introduced  energy  states  towards  high  wavelength  light  to  chem¬ 
ical  conversion  efficiency.  It  has  been  recently  recognized  that  a 
critical  factor  in  determining  the  visible  light  response  is  the 
introduced  band  gap  energy  state.  Therefore,  how  to  tailor  the 
introduced  energy  states  towards  high  wavelength  light  is  an 
essential  issue  in  order  to  enhance  the  chemical  conversion  effi¬ 
ciency.  Asahi  et  al.  have  first  theoretically  proposed  the  hypothesis 
that  overlapping  valence  band  and  states  in  the  band  gap  may  help 
to  transfer  photoexcited  carriers  [8].  Using  the  first-principles  cal¬ 
culations,  Wei  et  al.  have  further  promoted  this  concept  to  passiv¬ 
ated  codoping  to  avoid  the  existence  of  carrier  recombination 
center  [24].  Subsequently,  the  concept  of  passivated  codoping  is 
experimentally  validated  via  Cr  and  Sb  codoping,  which  obviously 
increases  the  lifetime  of  photocarriers  compared  to  monodoping 
samples  25].  On  the  other  hand,  many  researchers  believe  that 
noncompensated  codoping  models  of  anion-cation  or  double¬ 
hole-mediated  are  more  easy  to  achieve  high  visible  light  absorp¬ 
tion,  which  has  been  preliminarily  confirmed  by  the  1.5  eV  band 
gap  in  the  Cr  and  N  codoping  case  [26,27].  However,  the  quantum 
conversion  efficiency  in  the  visible-light  regions  for  above  models 
is  still  limited,  typical  lower  than  10%  at  around  400—550  nm.  The 
low  efficiency  is  subsequently  attributed  to  the  inefficient  visible- 
light  excited  carriers  transport  in  these  dopant  energy  states  28]. 
It  is  thus  expected  that  the  quantum  conversion  efficiency  of  the 
visible-light  induced  carriers  could  be  obviously  enhanced  if  the 
intermediate-dopant-bands  were  tailored  to  be  efficient  for  carriers 
transport.  Therefore,  to  improve  the  photocarriers’  separation  and 
transport  abilities  for  improving  solar  conversion  efficiency  is  of 
both  scientific  and  technological  importance. 

In  this  work,  we  aim  to  increase  the  quantum  conversion  effi¬ 
ciency  in  the  visible-light  region  of  TiC^-based  photoanodes  by 
engineering  the  dopant  electronic  energy  states.  We  demonstrate 
that  the  mobility  of  photo-induced  carriers  in  doping  Ti02  can  be 
greatly  improved  by  the  degeneracy  of  impurity  energy  levels 
within  the  band  gap  of  Ti02  due  to  the  controllable  impurity  level 
position  of  N  anion  and/or  S  cation  doping.  The  hybridizing  of  N  and 
S  ions  would  split  the  isolated  dopant  energy  band  and  result  in  a 
threefold  increase  of  the  hole  mobility.  Thus,  the  internal  quantum 
efficiency  at  the  region  of  400-500  nm  is  enhanced  to  22%  and  the 
photocurrent  of  (N  +  S)-codoping  is  twice  the  value  of  pure  and 
monodoping  Ti02  samples.  These  findings  could  establish  a  guide 
for  optimizing  the  doping/codoping  of  titania-based  photocatalysts 
towards  innovative  solar  energy  conversion. 

2.  Experimental  section 

2.1.  Sample  synthesis 

Single-crystalline  TiC^  and  nonmetallic  doped  Ti02  coated  ITO 
glass  samples  were  synthesized  by  sol-gel  method.  Briefly,  tetra- 
butyl  titanate  was  used  as  a  starting  material,  ammonia  as  nitrogen 
source  and  sodium  sulfite  as  sulfur  source,  respectively.  All  chem¬ 
icals  used  in  the  experiments  were  of  analytical  reagent  grade. 
10  ml  of  tetrabutyl  titanate  and  a  certain  amount  of  acetylacetone 


were  mixed  with  29.3  ml  of  ethanol  and  then  stirred  for  2  h  to  form 
solution  A;  0.9  g  of  sodium  sulfite  (atomic  ratio  of  S/Ti  =  0.25)  and 
6  ml  of  ammonia  were  added  into  the  mixture  solution  of  14.6  ml  of 
ethanol  and  40  ml  of  ultrapure  deionized  water  to  form  solution  B. 
Solution  B  was  added  dropwise  into  solution  A  under  vigorously 
stirring  condition.  After  continuous  stirring  for  2  h,  the  mixture  sol 
solution  was  then  left  to  stand  for  3-5  days.  The  glasses  were 
unltrasounded  for  30  min  each  in  acetone,  ethanol  and  deionized 
water,  and  then  placed  on  the  spin  coater.  The  sol  solution  was 
dipped  on  the  glass  at  low  spin  speed  of  300  rad  s-1.  Following  that 
the  spin  speed  was  promoted  to  3000  rad  s-1  to  uniform  the 
coating  layer  of  sol  solution.  The  coated  Ti02  ITO  glass  was  then 
placed  in  a  333  K  oven  for  10  min  and  followed  by  the  next  spin¬ 
coating  dipping  process.  Five  spin-coating  dipping  processes  are 
performed  and  the  thickness  of  Ti02  thin  films  is  about  800  nm. 
After  calcination  at  823  I<  for  2  h,  (N  +  S)-codoped  Ti02  electrodes 
were  prepared.  For  comparison,  undoped  Ti02,  N-doped  Ti02,  and 
S-doped  Ti02  photoelectrodes  were  synthesized  respectively  by  a 
similar  procedure. 

2.2.  Structure  and  photocatalysis  characterization 

The  powder  x-ray  diffraction  (XRD)  patterns  of  the  samples 
were  recorded  using  Cu  Ka  (A  =  0.154  nm)  radiation  in  the  26  range 
from  20°  to  80°.  UV-vis  absorption  spectra  were  collected  using 
the  diffuse  reflection  mode  with  the  Shimadzu  SolidSpec-3700 
UV-vis  spectrometer.  Synchrotron  radiation  photoelectron  spec¬ 
troscopy  experiments  were  performed  at  National  Synchrotron 
Radiation  Laboratory  (NSRL),  China.  Electrochemical  measure¬ 
ments  were  carried  out  using  an  electrochemical  workstation 
(Model  CHI760D,  CH  instruments,  Inc.,  Austin,  TX)  with  a  three- 
electrode  system,  which  was  operated  with  the  Ti02  sample  as 
anode,  platinum  mesh  as  cathode,  and  Ag/AgCl  as  reference  elec¬ 
trode.  The  curves  of  potential  dependence  of  the  current  density 
were  measured  using  linear  sweep  voltammograms  (LSV) 
from  -1.0  to  0.6  V  at  a  scan  rate  of  0.002  V  s-1.  Electrochemical 
impedance  spectroscopy  (EIS)  measurements  were  carried  out  with 
frequency  range  of  0.01-100  kHz  at  different  bias  potentials  in 
different  pH  values  and  stirring  solutions.  All  potential  values  in 
this  work  are  reported  with  respect  to  the  Ag/AgCl  reference.  The 
irradiation  source  is  a  300  W  Xe  lamp  with  AM1.5  simulator  and  the 
monochromatic  light  is  filtered  by  filter  plates  of  different  wave¬ 
lengths  with  bandwidth  of  10  nm  and  transmittance  of  80%.  The 
monochromatic  light  power  density  is  measured  by  UV-visible 
irradiatometer  with  the  accuracy  of  1  pW  cm-2.  All  of  the  photo¬ 
current  values  are  calibrated  to  the  incident  energy  density  of 
100  mW  cm-2. 

2.3.  Computational  details 

The  first-principles  total-energy  and  band  structure  calculations 
were  performed  within  the  generalized  gradient  approximation 
(GGA)  as  implemented  in  the  VASP  code  [29-31  ].  The  electron  and 
core  interactions  were  described  using  the  frozen-core  projector- 
augmented-wave  (PAW)  method  [32].  To  overcome  the  well- 
known  band  gap  limitations  in  density  functional  theory  (DFT), 
the  GGA  +  U  method  was  used  to  treat  the  Ti  3d  electrons 
( U  =  3.0  eV  and  J  =  0.87  eV),  producing  an  intrinsic  band  gap  of 
3.2  eV.  The  wave  function  was  expanded  in  plane  waves  with  a 
cutoff  energy  of  400  eV.  For  all  the  doped  systems,  a  48-atom 
2x2x1  supercell  was  employed.  The  Brillouin  zone  integrations 
for  total-energy  calculations  were  performed  using  the  k-points 
that  are  equivalent  to  the  5x5x5  Monkhorst-Pack  k-point  meshes 
[33],  more  refined  7x7x7  k-point  meshes  were  used  for  the 
density  of  states  (DOS)  plots. 
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3.  Results  and  discussion 

Fig.  la  shows  that  the  visible  light  response  of  (N  +  S)  codoped 
Ti02  thin  film  is  distinctly  stronger  than  that  of  N  or  S  monodoping. 
The  photocurrent  values  for  N  or  S  monodoped  Ti02  at  -0.4  V  are 
0.067  and  0.087  mA  cm-2,  respectively.  Strikingly,  the  photocurrent 
of  (N  +  S)-codoped  Ti02  is  dramatically  increased  to  0.36  mA  cm-2, 
about  five  times  higher  than  those  of  the  monodoped  cases.  The 
electronic  properties  of  these  samples  under  visible  light  radiation 
also  show  a  great  difference  from  electrochemical  impedance 
spectroscopy  (Fig.  lb).  From  the  inset  of  Fig.  lb,  it  can  be  obtained 
that  there  exists  a  transmission  line  for  all  of  the  doping  Ti02 
electrodes,  which  implies  the  strong  impact  of  carrier  transport 
obstruction  based  on  the  recently  established  theory  of  impedance 
of  finite-diffusion  porous  electrodes  [34,35].  The  equivalent  circuit 
was  also  shown  in  Fig.  lb,  where  rtr,  rct,  and  C'  represent  the 
distributed  component  of  the  transport  resistance  Rtr,  the  charge 
transfer  resistance  Rc t,  and  the  capacitance  of  the  Ti02/electrolyte 
interface  C,  respectively.  It  is  known  that  the  value  of  transport 
resistance  Rt r  can  be  directly  read  as  three  times  of  the  projection  of 
transmission  line  on  X  axis  as  marked  in  the  inset  of  Fig.  lb.  The  Rtr 
of  S  doping,  N  doping,  and  codoping  Ti02  obtained  by  this  method 
are  570  Q,  530  Q,  and  110  Cl,  respectively.  Therefore,  the  carrier 
transport  resistance  for  the  codoped  sample  is  about  5  times 
smaller  than  that  for  the  monodoped  samples.  In  the  previous  re¬ 
searches,  N  and  S  are  always  choosen  as  candidates  for  Ti02 
modification  to  extend  the  valence  band.  Flowever,  their  photo¬ 
current  contribution  from  visible  light  radiation  is  still  small  (less 
than  0.1  mA  cm-2  at  -0.4  V  vs  Ag/AgCl)  [36-38],  similar  to  our 
experimental  results  of  N  and  S  monodoped  Ti02  films.  As  for  the 
other  common  treating  methods  such  as  hydrogen  reduction,  the 
visible  light  region  photoresponse  is  even  much  lower,  although  the 
introduced  absorption  is  fascinating  [39].  It  is  generally  considered 
that  the  poor  energy  conversion  efficiency  is  originated  from  the 
hindered  carrier  transport,  which  is  confirmed  by  our  EIS  analysis. 


Here,  one  of  the  best  visible  light  photocurrents  of  0.36  mA  cm-2 
for  Ti02  thin  films  is  achieved  in  a  (N  +  S)  codoped  Ti02  that  dra¬ 
matic  decreases  the  transport  resistance,  indicating  the  efficient 
engineering  of  electronic  energy  states  via  (N  +  S)  codoping. 

To  directly  analyze  the  characters  of  dopants  energy  states  that 
are  responsible  for  these  amazing  differences,  UV-photoelectron 
spectroscopy  (UPS)  are  performed  with  the  measured  results 
shown  in  Fig.  lc.  N  or  S  doping  alone  creates  only  localized  elec¬ 
tronic  states  in  the  band  gap  (indicated  by  dot  rectangle),  in 
agreement  with  the  reported  results  [15,40].  It  is  of  high  interest 
that  upon  (N  +  S)-codoping,  the  dopant  energy  states  are 
remarkably  hybridized  to  form  broad  continuum  bands.  The  posi¬ 
tions  of  introduced  band  of  monodoped  and  codoped  Ti02  samples 
are  almost  the  same  since  they  are  originated  from  the  same 
dopants.  The  presence  of  sulfur  and  nitrogen  in  titania  was  iden¬ 
tified  from  the  X-ray  photoelectron  spectroscopy  (XPS)  results  as 
shown  in  Fig.  2a.  The  Ti  2p  and  the  O  Is  peaks  are  located  at 
458.9  eV  and  530.1  eV,  respectively,  consistent  with  the  previous 
report  41  ].  The  minor  change  of  Ti  and  O  chemical  environment 
might  result  from  the  comparably  lower  concentrations  of  N  and  S 
doping.  The  N  Is  characteristic  peak  at  397.6  eV  is  consistent  with 
that  for  the  lattice  nitrogen  (N-Ti-N)  and  is  completely  different 
from  the  cationic  N  ( —  405  eV)  and  interstitial  site  N  with  chemical 
environment  of  Ti-N-0  ( ~400  eV)  [8,40,42].  On  the  other  hand,  S 
2p3/2  peak  is  located  at  169.0  eV,  corresponding  to  the  S  ions  (+6) 
surrounded  by  O  ions  [43].  It  is  worth  noting  that  there  was  a  little 
hump  on  the  high  energy  side  of  O  Is  spectra  which  might  result 
from  the  S-0  bonding,  since  the  electronegativity  of  S  is  stronger 
than  Ti.  All  the  above  results  pointed  towards  the  occupation  of 
cation  and  anion  sites  in  the  lattice  for  S  and  N  atoms,  respectively. 
The  broad  continuum  bands  just  above  the  valence  band  maximum 
of  N  -  S  codoped  Ti02  is  likely  to  result  from  the  interaction  be¬ 
tween  N3-  and  S6+  ions.  X-ray  diffraction  (XRD)  patterns  and 
Scanning  Electron  Microscope  (SEM)  (Fig.  2b)  results  further 
confirmed  that  the  phase  and  morphology  of  Ti02  thin  films  are 
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Fig.  1.  (a)  The  Current  density  under  visible  light  radiation  (>400  nm)  of  pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films,  (b)  Nyquist  plots  of  N-,  S-,  and  (N  +  S)-Ti02  thin  films,  (c)  UPS  of 
pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films.  The  inset  of  (b)  is  the  equivalent  circuit  of  transmission  line  model  with  the  relationships  of  Rct  =  rct/L  and  Rtr  =  rtr*L. 
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Fig.  2.  (a)  XPS  survey  of  (N  +  S)-Ti02  thin  film,  the  insets  of  (a)  are  XPS  spectra  of  0,  Ti,  N  and  S  in  (N  +  S)-Ti02  thin  films,  (b)  XRD  of  pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films,  the 
insets  of  (b)  are  SEM  of  codoping  and  pure  Ti02  thin  films,  (c)  UV-visible  absorption  spectra  of  pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films. 


identical  for  all  doped  samples.  These  confirm  that  the  only  dif¬ 
ference  of  electronic  energy  states  of  doped  TiC^  samples  are  the 
widths  of  dopants  band.  The  optical  absorption  for  these  N  and/or  S 
doped  Ti02  electrodes  (as  shown  in  Fig.  2c)  correspond  to  the  UPS 
results,  with  an  obvious  absorption  tail  to  600  nm  as  the  results  of 
the  extra  transition  from  the  dopant  energy  level  to  conduction 
band  with  the  energy  difference  of  2.1  eV.  The  larger  absorption 
coefficient  for  codoped  sample  is  consistent  with  the  larger  density 
of  energy  states.  The  difference  of  absorption  coefficient  for  mon- 
odoped  and  codoped  samples  are  obviously  smaller  than  the 
changes  of  transport  resistance  and  photocurrent  values,  indicating 
that  the  enhancement  of  carrier  mobility  is  the  main  reason  for  the 
reduction  of  carrier  transport  resistance.  These  above  observations 
suggest  that  broadening  and  splitting  dopants  energy  states  would 
increase  the  carrier  mobility  on  the  dopants  band  and  improve  the 
energy  conversion  efficiency. 

The  variation  of  surface  reaction  activity  induced  by  the  dopants 
modification  is  also  a  possible  influence.  The  contribution  of  (N  +  S) 
hybridization  on  surface  reaction  rate  is  investigated  through  the 
comparison  of  photocurrent  with  and  without  0.5  M  hydrogen 
peroxide,  which  is  an  easily  oxidized  holes  scavenger  to  completely 
suppress  surface  recombination  [44].  The  saturated  photocurrent 
values  of  codoped  and  monodoped  samples  are  both  increased  by 
about  10%,  indicating  surface  reaction  is  not  a  major  hinder  in  the 
PEC  process  of  pure  and  doped  Ti02  thin  films.  It  is  worth  noting 
that  the  change  ratios  between  codoped  and  monodoped  samples 
are  all  the  same,  as  shown  in  Fig.  3a  and  b,  indicating  that  the 
surface  reaction  activity  is  not  changed.  The  chopped  light  chro- 
noamperometry  measurement  results  (inset  of  Fig.  3b)  further 
confirm  that  the  surface  charge  accumulation  and  recombination 


are  identical  for  all  doped  Ti02  samples.  Thus,  the  different  utili¬ 
zation  ratios  of  visible-light  induced  carriers  in  different  samples 
are  totally  originated  from  the  transport  mobility. 

To  further  quantitatively  analyze  the  relationship  between  the 
PEC  activity  and  the  characters  of  dopant  level,  we  anatomize  the 
monochromatic  light  PEC  activity  of  the  samples  using  the  concept 
of  internal  quantum  efficiency  (IQE)  with  formula  to  normalize  the 
absorption  coefficient  [45]: 

/(mAcm-2)  x  [1240/A(nm)] 

^  AxP(mWcm-2)  {  1 

I  is  the  photocurrent  density  at  -0.4  V  vs  Ag/AgCl,  and  A  is  the 
absorption  ratio.  As  shown  in  Fig.  3c,  all  the  doped  TiC^  thin  films 
present  improved  visible  monochromatic  light  photoconversion 
efficiency  relative  to  pure  Ti02,  because  of  the  enhanced  visible 
absorption  by  doping  foreign  elemental  species  in  Ti02  host  lattice. 
However,  the  utilization  rates  of  visible-light-induced  carriers  are 
extremely  different.  For  the  two  monodoped  samples,  the  IQE  at 
visible  light  region  of  400-500  nm  are  quickly  decreased  from  15% 
to  5%,  similar  to  the  previous  reports  of  N-doped  Ti02  photoanodes 
[36,37].  It  is  exciting  that  the  IQE  for  the  codoped  sample  forms  a 
plateau  with  the  values  around  23%  from  400  nm  to  500  nm  and 
remains  8%  at  550  nm.  In  the  doped  Ti02,  visible-light-excited  an 
electron  into  the  conduction  band,  leaving  photogenerated  holes  in 
impurity  levels.  Therefore,  the  diverse  usage  efficiency  of  visible 
light  for  different  kind  of  dopant  levels  is  originated  from  the 
transfer  efficiency  of  hole  carriers  on  the  impurity  level.  The  plateau 
of  IQE  for  the  codoped  sample  suggests  that  the  broad  energy  band 
provides  sufficient  carrier  transport  ability  for  the  hole  carriers.  To 
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Fig.  3.  The  Current  density  in  (a)  1  M  KOH  solution,  (b)  1  M  KOH  contained  0.5  M  H202  solution  under  AM1.5  radiation  of  pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films,  (c)  IQE  curves  of 
pure-,  N-,  S-,  and  (N  +  S)-Ti02  thin  films,  (d)  The  Rtr  (hollow  dots)  and  Rct  (solid  dots)  for  N  (square),  S  (circle),  and  (N  +  S)  codoping  (triangle)  Ti02  thin  films. 


analyze  the  variation  of  resistance  in  depth,  the  values  for  the  pa¬ 
rameters  of  Rtr  and  Rct  from  EIS  data  at  -0.4-0.4  V  under  visible 
light  radiation  are  plotted  in  Fig.  3d.  The  value  of  fttr  is  determined 
as  three  times  of  the  projection  of  transmission  line  on  X  axis,  and 
the  value  of  Rct  equals  to  the  diameter  of  the  semicircular  at  low 
frequencies.  The  sustained  decreasing  of  Rct  values  is  due  to  the 
surface  band  curving,  which  boosts  the  carrier  transport  in  the  bulk 
and  also  provides  larger  overpotential  for  the  surface  reaction.  In 
the  whole  voltage  region,  the  Rt r  for  the  codoped  sample  is  5  times 
smaller  than  that  for  the  monodoped  one.  Taking  into  account  the 
film  thickness  of  800  nm,  the  hole  transport  resistivity  of  N,  S 
monodoping  and  codoping  are  about  7  x  104  Q  m,  6  x  104  Q  m  and 
1.3  x  104  Q  m,  respectively,  consistent  with  the  resistivity  of 
semiconductor  (10  4-107  Q  m).  The  comparable  high  resistivity  of 
the  dopants  energy  band  demonstrate  important  role  of  decreasing 
transport  resistance  for  the  band  structure  engineering.  The  hole 
mobility  can  be  simulated  by  the  following  formula  [46]: 

ft  _  ^film  _  ^film  (2) 

tr  -  a  ~  qpn 

where  dfiim  is  the  film  thickness  and  the  conductivity  a  is  deter¬ 
mined  by  the  product  of  the  hole  mobility  pp,  and  the  hole  con¬ 
centration  p.  Since  the  intrinsic  charge  density  is  comparable  lower, 
the  hole  concentration  might  mainly  contributed  by  the  photon 
excitation  (~6  x  1022  cm-3s-1).  The  light  absorption  of  codoping  is 
doubled  compared  to  the  monodoping,  indicating  that  the  hole 
mobility  of  continuum  energy  states  are  at  least  increase  by  2-3 
times  for  (N  +  S)  codoping. 

Since  the  charge  migration  properties  are  strongly  dependent 
on  the  electronic  structure,  the  theoretical  calculations  are  carried 
out  to  elucidate  the  origin  of  the  changes  in  the  electrochemical 
properties  of  (N  +  S)-modified  Ti02.  The  XPS  results  have  shown 
that  N  and  S  occupy  the  anionic  and  cationic  sites  in  anatase  titania, 
and  that  the  doped  concentration  are  about  1%— 2%.  The  structure 
model  for  the  calculation  is  thus  shown  in  Fig.  4.  The  formation 


energies  of  different  occupation  sites  are  previously  calculated 
following  the  formulation  described  elsewhere  19,20],  and  the 
cation— anion  model  is  indeed  energetically  most  favored,  which 
also  constituted  strong  evidence  for  the  validity  of  DFT  calculation. 
For  N-  and  S-monodoped  TiC^  cases,  the  calculated  total  density  of 
states  (TDOS)  and  projected  DOS  (PDOS)  in  Fig.  4b  and  d  show  that 
the  impurity  states  are  strongly  localized  within  the  band  gap 
without  altering  both  the  VBM  and  conduction  band  minimum 
(CBM).  Whereas  in  the  case  of  (N  +  S)-codoped  Ti02,  some  different 
features  could  be  found  from  their  TDOS  and  PDOS  as  shown  in 
Fig.  4e.  Since  both  of  N  and  S  atoms  are  as  NM  elements,  the  p—p 
interactions  between  O  and  N/S  atoms  intensify  the  hybridization 
of  VB  with  (N  +  S)  states.  Thus,  we  can  find  that  the  former  isolated 
band  gap  energy  level  is  merged  into  a  broad  continuum  bands,  and 
overlap  with  the  VB,  in  good  agreement  with  our  experiments.  It  is 
worth  noting  that  (N  +  S)-codoping  makes  a  significant  increase  of 
IQE  in  visible  light  region  compared  with  that  of  N  or  S  mono¬ 
doping.  This  indicates  an  increase  of  carrier  mobility  which  can  be 
deduced  by  a  semi-quantitative  evaluation  of  the  carrier  mobility 
for  these  models.  The  carrier  mobility  p  can  be  expressed  as 

M  =  <J  T/m*  (3) 

where  q  and  z  are  the  electric  quantity  and  average  lifetime  of  the 
carrier,  respectively,  and  m*  the  carrier  effective  mass  [47].  Given  a 
similar  z  for  the  same  type  of  carriers  in  the  TiCVbased  systems,  the 
carrier  mobility  is  inversely  proportional  to  m *.  It  is  known  that  m * 
is  inversely  proportional  to  the  curvature  of  the  VB  top  (kt)  and  can 
be  roughly  calculated  via  the  density  of  states: 

gv(E)  =  -  E  (4) 

By  comparing  the  top  region  (about  0.1  eV  wide  as  shown  in  the 
inset  of  Fig.  4b,  d,  e)  of  dopants  energy  states  in  monodoping  and 
codoping  cases,  the  kt  for  the  codoping  case  is  estimated  to  be 
approximately  3  times  larger  than  monodoping  cases,  owing  to  the 
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Fig.  4.  (a)  Model  structure  for  defective  anatase  Ti02  showing  the  location  of  the  dopants.  Ion  doping  sites  are  marked  with  N  and  S.  RC  and  CM  are  the  abbreviations  of 
“recombination  center”,  and  “carriers  mobility”,  respectively,  “f”  and  mean  “decrease”  and  “increase”,  respectively.  The  calculated  TDOSs  and  PDOSs  for  (b)  N  and  (d)  S- 
monodoped,  (c)  pure  Ti02  and  (e)  (N  +  S)-codoped  Ti02.  The  energy  is  measured  from  the  VBM  of  pure  Ti02.  The  insets  are  magnified  plots  of  the  VB  tops. 


delocalization  of  impurity  bands.  Therefore,  the  carrier  mobility  of 
the  (N  +  S)-doped  Ti02  rises  correspondingly  by  more  than  300% 
compared  with  the  monodoping,  consisting  with  the  experimental 
results.  Hence,  these  results  suggest  that  the  improvement  of 
quantum  conversion  efficiency  for  (N  +  S)-codoped  Ti02  could  be 
attributed  to  the  enhanced  charge  carriers  mobility. 

For  the  researches  of  all  these  years,  dopants  with  donor  or 
acceptor  levels  are  introduced  into  the  crystal  of  Ti02  to  obtain  the 
high  visible  light  absorption.  The  photogenerated  carrier  would  be 
localized  by  the  dopant  ion  as  an  isolated  energy  state  unless  the 
concentration  of  dopant  ion  is  above  1017  and  the  dopant  energy 
band  would  be  formed.  This  extra  energy  band  can  also  be  efficient 
for  the  carriers  transport,  however,  it  is  worth  noting  that  the 
electrochemical  properties  of  the  extra  energy  band  are  very 
different  from  the  intrinsic  band.  In  most  cases,  the  newly  intro¬ 
duced  energy  band  are  poor  channel  for  the  carrier  transport.  Just 
as  our  EIS  results  exhibited,  the  transport  resistance  for  mono¬ 
doping  is  500-600  ohms  for  the  thin  films  of  800  nm,  which  is  a 
common  thickness  for  Ti02  and  other  transition  metal  oxide  pho¬ 
toanode.  These  would  cause  a  voltage  drop  of  0.5-0.6  V  for  the 
photocurrent  value  of  1  mA  cm-2  and  performance  recession  of 
50%.  Any  slight  enhancement  of  carrier  transport  would  greatly 
increase  the  energy  conversion  efficiency.  Thus,  it  is  very  important 
to  establish  a  standard  for  the  construction  of  extra  energy  level 
with  high  hole  mobility.  Our  research  exhibits  that  the  carrier 
mobility  is  strongly  related  with  the  breadth  of  the  dopant  level, 
and  the  suppression  of  degeneracy  and  localization  of  dopant  level 
would  greatly  benefit  the  carriers  mobility.  Step  further,  the  large 
curvature  of  the  VB  top  could  ensure  that  the  carriers  gain  more 
energy  and  velocity  while  migrating  in  the  periodic  potential  field. 
This  conclusion  is  also  coincident  with  the  researches  of  mobility 
enhancement  in  strained  Si  MOSFETs  [48],  in  which  the  effect  of 


strain  would  split  the  six-fold  degenerated  conduction  band, 
resulting  in  the  decrease  of  electron  effective  mass  and  increase  the 
electron  mobility.  N  and  S  monodoping  are  the  most  common  ap¬ 
proaches  for  the  tailoring  the  valence  band  maximum.  However, 
the  monodoping  samples  with  doping  concentration  of  1%— 2%  in 
our  experiments  show  that  the  introduced  energy  states  are  iso¬ 
lated.  This  indicated  that  the  interaction  between  dopant  ions  are 
weak  and  the  degeneration  is  still  strong,  resulting  in  a  low  carrier 
mobility.  Theoretically,  further  increasing  the  doping  concentration 
would  lead  to  the  band  broadening,  but  it  is  fairly  difficult  to  ach¬ 
ieve  in  the  experiment.  On  the  other  hand,  the  N  and  S  coupling  in 
codoping  Ti02  would  be  easily  hybridized  and  split  the  dopant  band 
to  decrease  the  carrier  effective  mass.  The  utilization  rate  of  excited 
electron-hole  pairs  is  greatly  enhancement,  resulting  in  the  energy 
conversion  efficiency  of  3%  around  500  nm.  It  is  worth  mentioning 
that,  other  benefit  may  be  also  brought  by  the  (N  +  S)  codoping:  (1 ) 
reducing  the  effective  band  gap  to  ~2.1  eV,  (2)  the  Fermi  level  of 
(N  +  S)-Ti02  is  tuned  inside  the  energy  gap,  and  (3)  the  photo¬ 
carriers  trapping  arising  from  the  charged  states  around  the  Fermi 
surface  is  effectively  confined.  In  this  study,  we  not  only  demon¬ 
strated  an  important  criterion  for  the  building  of  efficient  energy 
level,  but  also  provided  an  example  to  meet  the  demands,  which 
would  provide  a  certain  foundation  for  the  future  design  of  efficient 
photoelectrode. 

4.  Conclusion 

In  summary,  a  route  of  engineering  the  dopant  electronic  energy 
states  in  (N  +  S)-codoped  Ti02  is  presented  to  improve  the  charge 
mobility  and  separation  probability  of  the  visible-light-excited 
electron-hole  pairs.  It  is  demonstrated  that  the  transport  of 
visible-light  induced  holes  is  more  favored  on  the  continuum 
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energy  states  of  (N  +  S)  codoping  than  on  the  isolated  energy  states 
of  N  or  S  monodoping,  resulting  in  fivefold  increase  of  the  absorbed 
photon  to  chemistry  quantum  efficiency  in  the  visible-light  region 
of  450-550  nm.  Further  analyses  via  electrochemical  impendence 
spectra  and  first-principles  calculations  show  that  the  hole  mobility 
is  increased  by  three  times  after  the  hybridizing  of  N  and  S  dopant 
levels,  which  is  responsible  for  the  significantly  increased  quantum 
conversion  efficiency  and  visible-light  driven  photocurrent.  These 
results  provide  an  important  principle  for  the  further  tailoring  of 
the  band  structure  of  Ti02  via  element  doping  towards  high  pho¬ 
toelectrochemical  activity. 
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